ABSTRACT: A fully transient, 2-dimensional physical and biological model has been developed to quantify the seasonal cycle of silica in the estuaries-coastal zone continuum of the Bay of Brest (France). The numerical model includes an explicit representation of the benthic-pelagic coupling, which is stimulated by the increasing density of an invasive megabenthic filter feeder, the slipper limpet Crepidula fornicata. The selected spatial resolution allows resolution of the heterogeneous density distribution of these organisms in the bay. Results show that the benthic nutrient dynamics are highly variable and strongly depend on the local conditions. This heterogeneity is not reflected in the pelagic phytoplankton population dynamics because transport and mixing homogenize the distribution of nutrients and biomass. A seasonally resolved silica budget over the entire bay and estuaries emphasizes the important contribution of the benthic recycling fluxes to the supply of dissolved silica (dSi) during the productive period (~50% from 1 April to 1 September). In a prognostic scenario which forecasts the impact of removing the invasive benthic filter feeders, the dSi efflux is reduced by 63% and a pronounced harmful algal bloom of dinoflagellates develops in late summer.
INTRODUCTION
Like many other coastal areas worldwide (Cloern 2001) , the Bay of Brest (NW France) is a macrotidal embayment which is subject to major anthropogenic pressure. In this ecosystem, nitrogen inputs from agricultural practices in the watersheds have doubled since the 1970s (Le Pape et al. 1996) . At the same time, the gastropod Crepidula fornicata invaded the bay and became the main benthic suspension feeder within the megafauna during the early 1990s. (Chauvaud et al. 2000) . In 2000, it covered approximately half of the entire benthic surface area of the bay (Chauvaud 1998) .
Despite the marked increase in dissolved inorganic nitrogen (DIN) inputs, the Bay of Brest has not experienced any major eutrophication events so far. Such dynamics have been attributed to the fact that most of the nutrient delivery occurs before the start of the productive season. In addition, it has been argued that the estuarine processes occurring upstream and the macrotidal dynamics in the bay itself were not providing favorable conditions for the onset of eutrophication (Le Pape et al. 1996) . More surprisingly, however, no significant perturbation of the pelagic food-web structure related to the long-term decline in the dissolved silica (dSi):DIN ratio which accompanied the increase in nitrate inputs has yet been observed (Ragueneau 1994) . In many ecosystems, such a decline has induced changes in phytoplankton dynamics -an increase in non-siliceous phytoplankton species at the expense of Benthic-pelagic coupling and the seasonal silica cycle in the Bay of Brest (France): new insights from a coupled physical-biological model diatoms -with important implications for the pelagic and benthic food webs (Smayda 1990 , Conley et al. 1993 , Turner et al. 1998 . However, as recently reviewed by Ragueneau et al. (2006a) , such a shift in phytoplankton abundances due to modifications in nutrient ratios does not always occur. In particular, it has been advocated that the intensity of dSi recycling within a specific ecosystem plays an essential role in controlling the characteristics and succession of phytoplankton species. The recycling intensity modifies the properties of the various diatom species (Roberts et al. 2003) , especially their degree of silicification (Rousseau et al. 2002) , and ultimately favor the switch from diatom to non-diatom species when the dSi stress becomes too strong (Officer & Ryther 1980) . Until very recently, diatoms have dominated the phytoplankton biomass throughout the productive period in the Bay of Brest (Del Amo et al. 1997b , Beucher et al. 2004 , despite indirect (Ragueneau et al. 1994 ) and direct (Del Amo et al. 1997a , Ragueneau et al. 2002 evidence of a dSi limitation during spring. On the one hand, physical factors have been proposed (Ragueneau et al. 1996) to explain the limited occurrence of dinoflagellates, which generally prefer stratified water bodies (Margalef 1978) . On the other hand, dSi recycling is significant in this ecosystem, both in the water column (Beucher et al. 2004 ) and in the sediments (Ragueneau et al. 1994 , Martin et al. 2007 , and therefore could explain the high resistance of the diatoms towards the decrease in the dSi:DIN ratio. Del Amo et al. (1997a) have suggested the existence of a coastal silicate pump similar to that of the oceanic silicate pump proposed by Dugdale et al. (1995) , which extracts dSi from the surface waters, but instead of transferring it to the deep layers of the open ocean, it would here be directly transported and temporarily stored in the sediments. The subsequent benthic recycling flux of dSi during late spring and summer could then explain the maintenance of diatoms throughout the entire productive period. Since it has been suggested that the invasion of Crepidula fornicata significantly increased the efficiency of the silicate pump in the Bay of Brest (Chauvaud et al. 2000) , the 2 major anthropogenic perturbations (nutrient load increase and invasive species) strongly interact in this ecosystem. The efficiency of the silicate pump is improved by the filtering and biodeposition activities of the benthic filter feeder, leading to a significant storage of biogenic silica (bSiO 2 ) in the sediments followed by dissolution later in the season when temperature increases. If true, such a hypothesis implies that the proliferation of the benthic filter feeder may have aided in the prevention, at least for some time, of the expected switch in phytoplankton dominance. From an integrated coastal zone management (ICZM) perspective, the possible positive effect of the invasive species, that is, its ability to prevent the development of non-diatom, possibly harmful, algal blooms, should thus be balanced with its negative impact on other native benthic species in the bay (e.g. the great scallop Pecten maximus).
Previous experimental studies have already investigated the direct impact of the presence of Crepidula fornicata on the magnitude of benthic recycling fluxes of dSi (Ragueneau et al. 2002 (Ragueneau et al. , 2006b ). In addition, seasonal and annual budgets of Si have been proposed (Ragueneau et al. 2005 ) and the importance of the benthic filter feeders in the Si seasonal cycle has clearly been established. Yet the feedback of this biologically driven silicate pump on the phytoplankton dynamics in the bay and, more specifically, its ability to maintain the diatom dominance despite the observed widespread dSi limitation are important research questions that remain essentially unanswered. These questions are, however, essential if one aims to forecast the potential effect of benthic filter feeder eradication on both the eutrophication and food-web structure in the bay. Such an engineered intervention has been planned since the early 2000s and, therefore, prognostic simulations are particularly timely to help design the best sustainable management strategy for the Bay of Brest.
In the present study, a 2-dimensional, depth-averaged, hydrodynamic and reactive-transport model has been developed for the estuaries and the Bay of Brest. The ecological and biogeochemical reaction network includes the dominant processes of the Si, C and N cycles in the water column and surficial layers of the sediments. In particular, the model explicitly accounts for the feeding and biodeposition activities of Crepidula fornicata at the sediment -water interface. Model results are not only compared with measurements of standing stocks of nutrients and chlorophyll a (chl a), but also with in situ flux and rate measurements (e.g. silica production, benthic fluxes, etc.). Mesocosm experiments (Fouillaron et al. 2007 ) have shown that observations on process rates and material fluxes are essential to understand the biogeochemical dynamics in the bay. The model advances our understanding of the Si dynamics in the bay and enables us to establish temporally and spatially resolved budgets of silica and conduct prognostic simulation addressing the ecological consequences of partly eradicating the benthic filter feeder from the sea bed.
MODEL SET-UP
Hydrodynamics and transport. Support: A 2-dimensional, vertically integrated numerical model (MIKE 21, www.dhisoftware.com/mike21) was used to com-pute the flow field in the Aulne and Elorn estuaries, the Bay of Brest and the inner part of the Iroise Sea (Fig. 1) . The model extends upstream in the Aulne and Elorn up to the limit of tidal influence where unidirectional flow is maintained at all times. The marine boundary in the Iroise Sea is set to longitude 4°36' W. The land boundaries and bathymetry were obtained from the Service hydrologique et océanographique de la marine (SHOM) digital charts. Spatial resolutions of the bathymetric surveys in the Iroise Sea, the Bay of Brest and the Aulne and Elorn estuaries were on the order of 500, 100 and 200 m, respectively. The hydrodynamic model was run over the entire domain with a spatial resolution of 150 × 150 m. Time series of water elevation were then extracted along a transect through the narrow strait between the bay and the Iroise Sea (Goulet, Fig. 1 ) and used to force a smaller scale, coupled physical-biological model which was run over the entire year of 2001.
Hydrodynamics: The hydrodynamic model was based on the vertically integrated volume (Eq. 1) and momentum conservation equations (Eqs. 2 & 3) for barotropic flow:
This set of coupled non-linear partial differential equations (PDEs) resolves the spatial (x,y) and temporal (t) dynamics of surface water elevation, ζ (m), and scalar components of the momentum fluxes, p and q (m 2 s -1
). The flux densities p and q are defined per unit length along the y and x coordinates, respectively. In Eqs. ), which is used to constrain the bed friction. The effect of wind stress (last term on the left side of Eqs. 2 & 3) is also taken into account in the momentum balance, using daily data of wind speed (V) and direction obtained 10 m above the surface at the Lanvéoc Poulmic meteorological station (48°16'57.11' N, 004°2 6'37.29' W, Fig. 1 ). The wind friction factor f(V) was calculated according to Smith & Bank (1992) . The system of PDEs was solved by finite differences with appropriate initial and boundary conditions using a non-iterative alternating direction implicit algorithm (Abbott 1979) .
The Manning-Strickler and eddy viscosity coefficients, M and E x,y (m 2 s -1 ), respectively, are model calibration parameters that must be specified. Eddy viscosity coefficients are proportional to the local current velocities and calculated with the Smagorinsky formula (Smagorinsky 1963) using a proportionality constant of 0.5. For bed friction, a Manning-Strickler value of 60 has been used over the entire domain.
Transport: The mass conservation equation for scalar components (salt and biogeochemical variables) is based on the vertically integrated advectiondispersion equation: (4) where c is the species concentration (mol m ) is a source/sink term defining the local exchange of the species between the water column and the sediment.
The equation was solved for the spatial and temporal evolution of the concentration field using appropriate initial and boundary conditions (see below). Numerical integration of Eq. (4) was performed using the thirdorder, explicit finite difference scheme QUICKEST (Ekebjaerg & Justesen 1991) . The dispersion coefficients D x and D y in Eq. (4) are model parameters that were set proportional to the local current velocities. The proportionality constant was adjusted until agreement with observed salinity profiles was achieved. Both the hydrodynamic and salt transport models were run with a time step of 20 s that guarantees stability of the numerical schemes. The biogeochemical model used to calculate the ΣR and S terms was numerically decoupled from the transport algorithm using an operator-splitting approach. To decrease computational times, it was run with a larger time step of numerical integration of 360 s.
Biogeochemistry. Reaction network and state variables: The biogeochemical model was based on a reaction network (RN) that describes the pelagic and benthic processes involved in the Si and associated C and N cycles (Fig. 2) The biogeochemical model was implemented within the ECOLab © environmental modeling (Fig. 2) . Pelagic diatom growth consumes both dSi and DIN, dinoflagellates only requiring DIN. Both phytoplankton species are grazed by zooplankton (Zoo). The death of diatoms supports a pool of freshly dead diatoms (FDDia) which, in turn, are decomposed to detritic nitrogen (NDet) and detritic silica (SiDet) (Jean 1994) . A simpler formulation is used for the Dino and Zoo, which assumes a direct transformation into NDet upon death of organisms. Zooplankton also excrete DIN. The detritic material (SiDet and NDet) is partially mineralized in the water column and leads to the production of dissolved nutrients (dSi and DIN).
Overall, the state variables involved in the benthic RN are similar to the ones implemented in the pelagic compartment. The model accounts for living and freshly dead benthic diatoms (BDia and BFDDia), detritic pools of Si and N (BSiDet and BNDet) and pore-water dissolved inorganic nutrients (BdSi and BDIN). Benthic filter feeders (Ben), which graze on pelagic (Dia, FDDia and Dino) and benthic (BDia and BFDDia) microalgae groups are also explicitly represented. The grazing on benthic diatoms implicitly assumes that resuspension may occur (Richard 2005 , Guarini et al. 2008 . BDia consume both the silica and nitrogen present in the pore water. Their death and subsequent decomposition follows the same dynamics as the corresponding pelagic variable. Ben mortality increases the BNDet pool, excre- tion releases BDIN and egestion produces both BSiDet and BNDet. Finally, the mineralization of BSiDet and BNDet releases inorganic nutrients (BdSi and BDIN). Besides benthic grazing, the coupling between the pelagic and benthic compartments is realized through the sedimentation of Dia, FDDia, NDet and SiDet (S term negative in Eq. 4) which feeds the pools of BDia, BFDDia, BNDet and BSiDet, respectively. The diffusive fluxes of dissolved inorganic nutrients through the sediment -water interface, J B (mol m -2 s -1 ), provide a source of DIN and dSi to the water column (S term positive in Eq. 4). This flux is positive out of the sediment and the mass balance for the benthic variables therefore reads: (5) where H sed is the thickness of the benthic layer (m), v sed is the sedimentation rate (m s ), accounting for both production (positive) and consumption (negative) processes affecting the chemical species considered. All physiological and mineralization processes are temperature dependent. In addition, the growth of pelagic and benthic microalgae depends both on light and nutrient availability, whose respective limitations are combined using Liebig's law (Von Liebig 1840). A detailed description of the equations implemented in our RN, including all parameter values, is given in Appendix 1.
Boundary conditions: The Service d'Observation en Milieu Littoral (SOMLIT) database (www. domino.u-bordeaux.fr/somlit_national/pSiteBrest. php) and the buoy-mounted MAREL (www. ifremer.fr/sismer/UK/catal/base/edmed_an.htql? CBASE=MAREL2) automated acquisition system ( Fig. 1 ) provide high frequency nutrient and total chl a data (sampling interval between 20 and 60 min) at the Goulet site for the year 2001. At this location, the annual evolution of the relative proportions of diatoms and dinoflagellates is taken from Beucher et al. (2004) . Following Le Pape (1996), zooplankton concentration was set to 10% of the total phytoplankton concentration.
Nutrient concentrations at the upstream limits of the model domain were specified using weekly measurements performed in the framework of the ECOFlux program (www.univ-brest.fr/IUEM/ observation/ecoflux/ecoflux.htm). In the present version of the model, it is assumed that no phytoplankton or zooplankton is introduced in the sys- Initial conditions: The spin-up time for pelagic state variables in the model is on the order of 1 mo. To provide realistic initial conditions for the simulation, the model was launched on 1 December 2000, starting with spatially homogeneous concentrations. However, the benthic state variables exhibit much longer spinup times and, therefore, the model was run twice over the year 2001. Simulations reveal that in this case, the intra-annual seasonal variation is much larger than the inter-annual variability recorded from the difference between the ends of the first and second years. Note that for computational efficiency, the initial conditions are distributed homogeneously for all variables except the benthic filter feeders. The latter were estimated from recent maps of spatial distribution of Crepidula fornicata in the Bay of Brest (Guérin 2004), combined with an older estimate of the biomass of other benthic filter feeders (Chauvaud 1998 , Jean & Thouzeau 1995 . The spatial distribution of C. fornicata was determined at 127 locations in the bay during the fall of 2000. The density at each model grid point in the bay was then determined by linear interpolation. Rivers were excluded from the survey and assumed here to be free of any benthic filter feeders. An average value of 0.056 g C ind.
-1 (Jean 1994) was used to convert the population density (ind. m -2 ) into carbon biomass. The contribution of all other benthic filter feeders (Jean & Thouzeau 1995) was then added to C. fornicata to obtain the initial spatial distribution of total benthic filter feeder biomass. In the following, all model results correspond to the second year of simulation.
RESULTS AND DISCUSSION

Hydrodynamics and transport
Hydrodynamics
Model validation was performed on both water elevation and instantaneous tidal current velocities. Fig. 4 compares simulated and measured elevations recorded at the single tidal gauge station located in the bay (Fig. 1) for both spring and neap tide conditions. Over- Model results show that the hydrodynamics is strongly dominated by the tidally induced circulation of semi-diurnal period. At each tide, the seawater volume that is exchanged with the Iroise Sea amounts roughly to 50% of the total volume of water in the bay (Chauvaud 1998). Fig. 6 shows the develop- ment of large gyres in the center of the bay and very strong currents in the narrow strait connecting the bay to the ocean (Goulet). During the flood, the formation of the well-documented, large central cyclonic gyre (Salomon & Breton 1991) can be identified in the model results. Several smaller anti-cyclonic gyres characterized by significantly lower velocities also develop in the northern and southern basins. During ebb, all large circulation features disappear and a uniform, retreating seaward flux of the water masses can be observed in the entire bay (Fig. 6b) . The calculated residual circulation, which filters out the short-term (<1 d) tidal components, reveals the existence of a wellestablished central cyclonic gyre and a complex circulation pattern in the Goulet, with water entering and leaving the bay by the southern and northern sides of this narrow strait, respectively. The residual circulation leads to freshwater residence times in the bay typically between 10 and 20 d (Le Pape 1996) .
Transport
Calibration of the dispersion coefficients (D x , y ) was performed using a set of salinity data from 1993 (not shown). Three salinity profiles collected in 2001 along a longitudinal transect within the Aulne estuary and the inner bay were then used for validation of the transport model (Fig. 7) ). Comparison between simulated and measured profiles reveals that, under low flow conditions characteristic of the summer period, the fully transient model properly captures the estuarine salt intrusion. A slightly larger deviation is observed in May 2001, which can be explained by the onset of a vertical stratification of the water masses in the vicinity of the estuarine mouth when river flow increases. The simulated depth-averaged salinities are therefore higher than the observed values collected 1 m below the water surface. Note, however, that the stratification is significant only in a small portion of the longitudinal transect within the estuary (~10 km into the bay from the Aulne's riverine boundary) and is generally negligible within the bay during the biologically productive period (Salomon & Breton 1991 , Le Pape 1996 .
Biogeochemistry
Seasonal dynamics
The Bay of Brest and the estuaries are characterized by different hydrodynamic and transport regimes, and, therefore, by distinct biogeochemical behavior. In the following, the estuarine processes are only analyzed in the extensively surveyed Aulne estuary, which accounts for 80% of the annual water and nutrient discharges to the bay. The transition between the Aulne estuary and the bay can conveniently be located in the area where a sudden increase in cross section occurs (Terenez, Fig. 1b) . In the estuary, the dynamics are essentially 1-dimensional and important concentration gradients are established along the longitudinal curvilinear axis of the system. In the bay, the spatial variability in the concentration fields is limited due to low river discharge and intense tidal mixing (Fig. 8) . Field observations at various locations in the bay show, however, that seasonal changes in biogeochemical variables are significant. Fig. 1 ) in the bay. Stns R2 and R3 are representative of the dynamics in the southern basin and in the center of the bay, respectively (Jean 1994 , Ragueneau et al. 1994 , Le Pape et al. 1996 , 1999 . The 2 stations have been extensively surveyed since the 1990s (Le Pape 1996 , Del Amo 1996 , Chauvaud 1998 , Lorrain 2002 and are currently sampled on a yearly basis. Nutrient distributions are characterized by high values during winter followed by a rapid decrease in late April at both stations (Fig. 9a,b) , when estuarine discharge is reduced and biological uptake is promoted by an increase in temperature and incident solar radiation (Fig. 3) . dSi is consumed slightly earlier in the season than DIN, the former remaining limiting for phytoplankton growth for at least 2 mo. Simulated nutrient concentrations increase again in the summer for dSi and only in the fall for DIN, in agreement with field observations. The nutrient consumption in late April 2001 corresponds to the development of a diatom-dominated early spring bloom (Fig. 9c) . The model predicts a switch from diatom to dinoflagellate dominance in August, in agreement with field observations (Chauvaud et al. 1998 , Beucher et al. 2004 ). The occurrence of such late summer dinoflagellate blooms has recently been reported for the years 1995 , 1998 , 1999 and 2001 (Chauvaud et al. 1998 , Lorrain 2002 . The phytoplankton succession explains partly why, after the depletion period, dSi concentrations increase earlier in the season than DIN. This succession explains also high chl a concentrations from spring to fall and leads to a fairly , which represents 60 to 70 μmol C l -1 in the model) and the productive period of shorter duration (Chauvaud et al. 2000) . The simulated dSi uptake by diatoms is in good agreement with in situ rate measurements based on 32 Si incorporation (Fig. 10a, Ragueneau et al. 2005) , except for the 2 very high uptake rates recorded at the early stages of the productive period. This discrepancy might be attributed to the succession of distinct diatom species characterized by different Si:C ratios, a feature not accounted for in the model. The observed phytoplankton which remained in the fall of 2001 (up to 1.5 μg chl a l -1 , Lorrain 2002) when dSi uptake is low must be attributed to non-siliceous algal development, a result consistent with the simulated phytoplankton succession (Fig. 9c) . As already reported in previous modeling studies (Monbet 1992 , Pondaven et al. 1998 , the zooplankton dynamics follows that of phytoplankton with a time lag of about 10 d, consistent with a typical predator-prey relationship for this kind of ecosystem (data not shown).
The time course of water column variables at Stns R2 and R3 exhibits similar patterns and, thus, limited spatial variability in the pelagic dynamics. At these stations, the high density of filtering organisms leads to a benthic exchange flux through the sedimentwater interface of similar magnitude to the pelagic uptake of dSi. In contrast, the biomass of benthic filter feeders shows a high degree of heterogeneity over short distances (Fig. 1) . The intra-annual variability in biomass of benthic filter feeders is of the order of 40 to 50%, in agreement with previous modeling studies in the bay (Jean 1994 , Grall et al. 2006 . Typically, the seasonal time course of the biomass is characterized by a decrease during winter followed by a growth period between April and September and, during fall, a decrease back to the original winter conditions (Grall et al. 2006) . Fig. 9e ,f compares the process rate distributions affecting dSi and bSiO 2 at Stns R2 and R3. Model results reveal that the pelagic uptake of dSi and the dissolution of dead diatoms in the water column are of similar magnitude at both stations. Benthic processes show, however, a much larger variability: the grazing of diatoms by benthic filter feeders and the dSi efflux out of the sediments is roughly 1 order of magnitude higher at Stn R2. At this site, benthic exchanges through the sediment -water interface are of similar magnitude to the pelagic uptake of dSi due to the high density of filtering organisms. In contrast, the local dynamics at Stn R3 is by far dominated by the pelagic activity of the phytoplankton. As a result, the dynamic balance between processes always remains negative for dSi at this station, indicating continuous, net silica uptake over a seasonal cycle. The pattern in net rate is more complex at Stn R2 as a result of the dynamic interplay between pelagic production, grazing and benthic bSiO 2 dissolution. The benthic flux of silica reaches values as high as 6 mmol Si m -2 d -1 and exceeds the dSi uptake during a large part of the productive period.
The magnitude and timing of this high recycling flux of bSiO 2 is in good agreement with direct flux measurements based on sediment cores incubations (Fig. 10b, Ragueneau et al. 2005 ). The drop in dSi efflux in the absence of filtering organisms is also captured by our model, even though the seasonal variation in the simulated flux is of smaller magnitude than actually observed. The comparison between the pelagic dynamics at Stns R2 and R3 shows that the intense turbulent mixing leads to an homogenization of water column properties that does not reflect the spatial heterogeneity in benthic process intensities. Field observations focusing only on the time evolution of the , respectively. The preservation of biogenic silica in the sediments after 1 yr of simulation represents ~14% of the supply flux by riverine inputs.
The importance of benthic-pelagic coupling for the silica cycle in the water column of the bay is shown in Fig. 11b . Results reveal that the total dSi flux in the bay exceeds the uptake by diatoms during a significant fraction of the year. However, a reverse trend is observed between April and August which leads to a significant depletion of the total mass of dSi in the system during the productive period (Fig. 9c) . The river input is larger than the recycling fluxes of dSi in the water column and in the sediments until May. From then onwards, the benthic-pelagic coupling becomes the main source of dSi to the water column until fall. At its maximum value in August, the benthic flux is roughly 1 order of magnitude larger than both river input and water column dissolution and sustains almost entirely the late summer diatom bloom in the bay. If one excludes the winter months, during which most of the dSi is transported as a passive tracer through the system (freshwater residence times ~10 d for a typical winter river discharge), the relative contributions of the benthic flux, the river input and the water column dissolution to the dSi supply during the period April to September amount to 48, 36 and 16%, respectively. Therefore, benthic-pelagic coupling sustains an important part of the annual diatom productivityin the bay. The monthly resolved budgets can be integrated and compared with previously established seasonal budgets during the winter/fall and spring/summer periods of 2001 (Ragueneau et al. 2005 . The seasonal budgets were constructed from local measurements of silica production and dissolution in the water column, as well as from experimentally derived dSi benthic fluxes through the sediment -water interface. The extrapolation for the production flux was based on weekly surveys performed at a single site (Stn R3). The agreement with the model predictions is nevertheless satisfactory, a result which can be explained by the fairly homogeneous dSi uptake rates over the entire area of the bay. Overall agreement in dSi benthic flux estimates is also achieved and reflects the dominant control of Crepidula fornicata on the magnitude of these fluxes, a factor which was already accounted for in the experimentally derived budgets (Ragueneau et al. 2005) . A larger discrepancy is obtained for the deposition flux, the yearly integrated estimates agreeing within 30%. The winter/fall prediction from the model is only about half that of Ragueneau et al. (2005) , yet because most of the internal Si cycling in the bay occurs during the spring/summer period, this variability has a limited effect at the yearly time scale.
The most important deviation between estimates is obtained for the water column dissolution. The modelbased calculations suggest that this process accounts for only 13% of the annual Si production, whereas the estimate from direct measurements by Beucher et al. (2004) leads to a significantly higher relative contribution (45%). Interestingly, a similar discrepancy between the estimates of Beucher et al. (2004) and those established by mass balance calculations (18%) was already reported by Ragueneau et al. (2005) and attributed to the fact that the direct measurements represent a (maximum) potential dissolution flux from the diatom community if they were to remain permanently in suspension in the water column. However, the Bay of Brest is very shallow and diatoms settle rapidly; therefore, they are being heavily grazed by suspension feeders, and the magnitude of the modelderived pelagic dissolution should logically be smaller than the experimentally derived estimate. Obviously, a significant fraction of the preserved diatoms will actually dissolve in the sediments. However, as already discussed above, it is important to obtain accurate estimates of the relative contribution of water column and benthic dissolution fluxes as this factor is instrumental for the determination of the time delays in Si dynamics and, thus, for the phytoplankton dynamics in the bay.
Reduction in biomass of benthic filter feeders
The model is used here for prognostic purposes and is a first attempt at quantifying the effect of eradicating an invasive benthic filter feeder on the Si dynamics and phytoplankton succession in the bay. Fig. 11c shows the magnitude of the benthic-pelagic coupling in a scenario without Crepidula fornicata (referred to as NoCF) and should be compared with the results of the baseline simulation discussed above (Fig. 11a,b) . Simulations reveal that in the NoCF scenario, the supply flux of bSiO 2 to the sediments and the dSi flux back to the water column are both significantly smaller than in the baseline run. On a yearly integrated basis, the amount of bSiO 2 reaching the benthic compartment decrease from 89 × 10 6 to 37 × 10 6 mol yr -1 when the benthic filter feeders are removed. Although removing the grazing term leads to a slightly higher sedimentation flux (+ 29%) in the NoCF scenario, this increase does not compensate for uptake by the grazers and, therefore, the dSi efflux is roughly 3 times smaller in this case.
The effect of the benthic-pelagic coupling on the amount of dSi available to sustain the pelagic primary production is summarized in Fig. 11d . In the baseline simulation, the benthic dSi flux to the bay is largely dominant from early June until November, the riverine inputs contributing most during the winter period. In the NoCF case, the benthic return flux remains small throughout the year. Yet, because of the increased residence time of the phytoplankton within the water column (both living and dead), the pelagic dissolution of dead diatoms is twice as large during most of the summer period, and partly compensates for the drop in benthic flux. A major difference between both scenarios, however, is the overall reduction of the dSi flux during late summer and fall, which was mainly sustained by the time-delayed efflux from the sediments in the baseline simulation.
The temporal distribution of dSi uptake (Fig. 11d ) and phytoplankton succession (Fig. 11e,f) partly reflects the variation in dSi supply when benthic filter feeders are removed from the seabed. In the NoCF scenario, results reveal that during the spring/early summer, when the total dSi inputs from the various sources are already reduced but not limiting, both the Si uptake and the total diatom biomass are increased compared to the baseline simulation. Such behavior might appear counterintuitive but can be explained by the significantly larger residence times of living diatoms in the bay when the sink term due to grazing is suppressed. As a result, the total diatom biomass, which develops during the April to July period, increases by 32% in the NoCF scenario. Results also reveal a more distinct phytoplankton succession when the influence of the benthic-pelagic coupling is reduced. In the NoCF case, the total biomass of dinoflagellates is up to twice that of the baseline scenario. The hypothesis that an engineered intervention aiming at removing Crepidula fornicata from the bay might sustain enhanced harmful dinoflagellate blooms is thus supported by the results of the present study.
CONCLUSIONS
A reactive-transport modeling approach has been used to identify and quantify the dominant pelagic and benthic processes of the Si cycle in the Bay of Brest and the Aulne and Elorn estuaries. The simulations resolved the seasonal variations in process intensities and helped unravel the role of the benthic filter feeders in the magnitude and timing of the benthic-pelagic coupling in this shallow coastal ecosystem. Hydrodynamics and transport results showed that the dominant physical controls on biological processes were properly represented in our numerical model. The biogeochemical dynamics in the estuaries revealed limited biogeochemical transformation but significant dilution upon estuarine mixing. In the bay, the model results were in good agreement with the measured seasonal evolution in nutrient concentration, dSi uptake and benthic fluxes. Simulations revealed that the intense mixing in the bay limits the spatial variability in the pelagic phytoplankton dynamics. In contrast, the benthic processes showed a high degree of heterogeneity which is correlated with the spatial distribution of benthic filter feeders. The magnitude of the benthic efflux of dSi to the water column can vary by up to 1 order of magnitude and, in areas densely populated by Crepidula fornicata, it may reach values comparable to the local uptake by diatoms in the overlying water column. The dSi efflux also followed the deposition pulse with a typical time lag of 1 to 2 mo and, on a yearly basis, preservation of bSiO 2 remained limited. Our model approach was particularly suitable to provide temporally resolved Si budgets for the entire bay and estuarine areas. Results revealed that the benthic recycling fluxes of dSi during the productive period was the main source (40%) of this nutrient to the bay and sustained almost entirely the late summer diatom bloom. A prognostic scenario of reduction in biomass of benthic filter feeders revealed that the magnitude and timing of the pelagic diatom bloom is only moderately affected by the decrease in intensity of the benthic-pelagic coupling. On the other hand, the hypothesis that the removal of the filtering organisms on the seabed might enhance the development of harmful dinoflagellate blooms in the bay is supported by our model results. 
State variable Equation
Dia
with f (N) = exp (0.07 ×T ) for the temperature function 
